Abstract: In this work we examine the trapping and conversion of visible light energy into chemical energy using a supramolecular assembly. The assembly consists of a light-absorbing antenna and a porphyrin redox centre which are covalently attached to two complementary 14-mer DNA strands, hybridized to form a double helix and anchored to a lipid membrane. The excitation energy is finally trapped in the lipid phase of the membrane as a benzoquinone radical anion that could potentially be used in subsequent chemical reactions. In addition, in this model complex the hydrophobic porphyrin moiety acts as an anchor into the liposome positioning the DNA construct on the lipid membrane surface. The results show the suitability of our system as a prototype for DNA based light-harvesting devices, in which energy transfer from the aqueous phase to the interior of the lipid membrane is followed by charge separation.
Introduction
Mimicking nature's photosynthetic machinery has been a long-standing scientific goal for many research groups. Artificial photosynthesis has today developed into an art that has constructed light harvesting antennae, electron transfer reaction centers, and combinations of the two but we are still quite far from the final goal. [1] [2] [3] A limiting factor is the rate at which synthesis of new assemblies can be made, since traditional organic synthesis is inherently slow for complicated multi-component systems of the kind encountered in this field. It is therefore tempting to make use of the controlled self-assembly of nucleic acids to construct ordered arrays of chromophores and redox centers.
Lipid membranes are exceptionally useful substrates on which to anchor light-harvesting chromophores since they allow for ease of self-assembly and relatively fast diffusion in two dimensions across the surface. Moreover, they provide an excellent bridge between the aqueous phase and any potential surface on which the bilayer is deposited. [4] [5] [6] The supramolecular system investigated in this work consists of a short DNA oligonucleotide (14 base pairs) to which a hydrophobic porphyrin has been covalently attached (oligo-ZnP), and this in turn is incorporated into a lipid membrane.
Hybridization with a complementary DNA strand having fluorophores (fluorescein, FAM) attached at either of the two ends gives rise to a supramolecular system capable of sequential energy and electron transfer reactions. The complete assembled system is schematically depicted in Figure 1 . The porphyrin is a multi-functional component that can act as an electron-and/or energy transfer component, an anchor
to the surface and a ligand docking site for potential co-ordination interactions. By exploiting the lipophilicity of the porphyrin functionality the oligonucleotide can be bound to large unilamellar lipid vesicles (liposomes, approximately 100 nm in diameter). This positions the porphyrin chromophore in the hydrophobic environment of the membrane and the hydrophilic DNA part of the system at the interface, but still in the water phase. Preferential localization of hydrophobic molecules in the membrane ensures that the concentration of solutes, e.g. electron acceptors, typically organic molecules, can be held quite high without disrupting the DNA "antenna" in the water phase. The use of liposomes to support energy and electron transfer systems has previously been used by Clapp et al. who used negatively charged lipids to bind positively charged chromophores at such high concentrations that energy transfer becomes efficient. 7 Also the use of liposomes to solubilize zinc porphyrins has previously been demonstrated. [8] [9] [10] Recently a DNA-porphyrin system based on a very similar modified nucleotide was used to examine the potential of a DNA duplex as a molecular scaffold.
11
The DNA molecule has come to the fore in recent years as an excellent building-block for dynamic yet robust nanotechnological applications. In previous work we demonstrated the construction of addressable nanometer scale DNA nanostructures based on a hexagonal unit cell where energy transfer can be targeted at specific locations. 12, 13 Networks based on such addressability have the potential to offer spatial resolution of subnanometer precision. The incorporation of functionalities into such a system with very precise knowledge of location could be the basis of useful applications. In this work the usefulness of a zinc porphyrin (ZnP) functionality covalently attached to a DNA strand is examined.
Porphyrins are very versatile molecules that can be fine-tuned by the use of different co-ordinated metal ions and act as models for light-harvesting systems. The molar absorptivity of the zinc porphyrin is high (ε = 20000 M -1 cm -1 at 544 nm) and in a wavelength range where many common fluorophores emit light, e.g. fluorescein (FAM) and rhodamine (Rhodamine 110), making the zinc porphyrin a suitable excitation energy acceptor. Thus, if a zinc porphyrin energy sink is combined with an addressable twodimensional network a supramolecular nanoscale light-harvesting system is created where energy collected by the DNA array can be transferred to the supporting liquid crystalline phase. Our model system consists of a 14-mer oligonucleotide where one thymidine nucleotide is replaced by a modified one to which a zinc porphyrin is covalently attached via a linker at the 5-position of the thymine base.
The linker consists of a rigid phenylacetylene moiety and is designed so that the porphyrin protrudes from the DNA through the major groove. The porphyrin-dT is placed five nucleotides from the 5′ terminus, and by hybridizing the porphyrin DNA strand to a complementary strand containing a fluorescein on either the 5′ or 3′ end, two systems with different chromophore-chromophore distance are created (separated by 9 or 4 base pairs). These two systems have been used to probe the efficiency of energy transfer from the DNA to the bilayer-bound porphyrin moiety. Furthermore, the electron transfer characteristics have been investigated using 2,6-di-t-butyl-p-benzoquinone (BQ) as an acceptor and the co-ordination addressability has been studied using 4-t-butylpyridine (tBP) as a ligand, again in the membrane. The results in both cases indicate the suitability of our chosen system as a prototype for DNA-based light-harvesting devices, with energy subsequently transferred to organic molecules in a lipid bilayer. covalently to a hydrophobic porphyrin (red). A fluorescein is also attached covalently on one of the two ends on the complementary DNA strand. Energy transfer from the fluorescein to the zinc porphyrin is illustrated and electron transfer to hydrophobic 2,6-di-t-butyl-p-benzoquinone (blue) in the membrane is also depicted.
Materials and Methods

Synthesis
Commercially available reagents were used without further purification. The DMT protected deoxyuridine, 5′-dimethoxytrityl-5-iodo-2′-deoxyuridine, was prepared according to a literature procedure in near quantitative yield and the spectroscopic data were in accordance with that published. 14 The synthesis of the porphyrin starting material 1 (Scheme 1) is described elsewhere. De-oxygenation of reaction mixtures was achieved by bubbling argon through the solution for 30 minutes. Palladium-catalyzed reactions were performed under argon and protected from light by aluminium foil. Column chromatography and flash chromatography were generally performed using silica gel (Matrex, LC 60 Å / 35-70 μm). Chromatography of porphyrins was performed using silica gel (Merck, grade 60, 230-400 mesh). Size exclusion chromatography (SEC) was performed on BioRad Bio-Beads SX-3 in PhCl/DMF 2:1.
1 H (400 MHz) and 13 C (100.6 MHz) NMR spectra were recorded at room temp. in CDCl 3 using a Jeol Eclipse 400 NMR spectrometer. Chemical shifts are reported relative to residual CHCl 3 ( = 7.26 ppm) for 1 H NMR and CDCl 3 ( = 77.23 ppm) for 13 C NMR. All coupling constants given are for (H,H) couplings. Positive FAB high resolution mass spectra were obtained on a JEOL SX102 mass spectrometer at Instrumentstationen, Lund University, Sweden. Samples were desorbed from a 3-NBA matrix using 6 kV xenon atoms. 
Liposome preparation
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Larodan. Large unilamellar vesicles (LUVs) were prepared by standard procedure as briefly described here. A thin lipid film was created by evaporating a chloroform solution of the lipids, which was subsequently dissolved in aqueous buffer and subjected to freeze-thaw cycling (5 times). The solution was then extruded 21 times through 100 nm polycarbonate filters (Whatman).
Photophysical measurements
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All measurements were made in a phosphate buffer at pH 8 in a total sodium ion concentration of 200 mM, unless otherwise stated. Oligo-ZnP and lipid concentrations were 2 µM and 200 µM, respectively, unless otherwise stated. Absorption spectra were measured on a Varian Cary 4000 spectrophotometer or on a Varian Cary 4B spectrophotometer.
Concentration determination:
The concentrations of the oligonucleotides were determined by UV absorption measurements at 260 nm. The extinction coefficients for the oligonucleotides were calculated using a linear combination of the extinction coefficients of the nucleotides, the zinc porphyrin Linear Dichroism (LD) is a powerful technique used to infer conformational and geometric information for a given molecule. It is based on the principle that impingent light that is polarized in the same direction as the electronic transition moment will be preferentially absorbed. In order to ascertain such information it is necessary to orient the molecules with respect to the incident light. Flow linear dichroism uses shear flow to achieve this and it has been well established that liposomes can be oriented 
where S is an orientation parameter, which is 1 for perfectly ordered systems and 0 for isotropic systems.
LD spectra were recorded on a modified Jasco J-720 CD spectropolarimeter fitted with an Oxley prism to produce linearly polarized light. A Couette cell was used to induce shear flow orientation of the samples. Measurements were performed in 50% w/w sucrose of the same phosphate buffer solution at a lipid concentration of 200 µM. The sucrose fulfils two roles, firstly refractive index matching of the liposomes to the solution greatly reduces detection problems caused by scattering and secondly the increased viscosity provides for better alignment of the liposomes. 17 The background at zero shear rate was used as a baseline for the spectra taken at a shear gradient of 3100 s -1 . Isotropic absorption measurements were made on the same samples to calculate the LD R spectrum.
Absorbance titration:
The binding constant of the ligand, 4-t-butylpyridine (tBP), to oligo-ZnP in liposomes was determined by spectrophotometric titration. The titration was performed by adding aliquots of a 2.5 mM solution of the ligand to the solution of oligo-ZnP and liposomes. A correction for the volume change was made in the subsequent analysis. In the analysis, it is assumed that the equilibrium concentration of the ligand, c L , remains in large excess, so that the concentration is unchanged from that initially added, c L0 , at all points in the titration. The model used was:
where c P is the concentration of unbound oligo-ZnP and c PL is the concentration of ligand bound oligoZnP. The set of titration spectra were analyzed at one wavelength (413.5 nm) as well as with Singular
Value Decomposition (SVD). The SVD analysis was performed with an in-house made MATLAB program based on the method described in reference 18 . Briefly, the SVD method decomposes the set of titration spectra, A, into three matrices:
where U contains the orthogonal basis spectra, S is a diagonal matrix that contains the singular values and V contains the coefficient vectors. The matrixes U and V are pseudo-rotated into the physically meaningful spectra () and concentration (C) matrixes, respectively, by requiring that the concentrations throughout the titration are related by the equilibrium constant (Eq. 3). Double-stranded oligonucleotides for energy transfer experiment were formed by mixing the oligoZnP and the complementary strand (with fluorescein on either the 5′ or 3′ end) in phosphate buffer at room temperature yielding a double strand concentration of 1 μM (an excess of 50% of the oligo-ZnP strand was used). The samples were heated to 85°C and thereafter annealed by slowly cooling to 5°C after which the liposomes were added. The sample was then left at 5°C overnight.
Steady state fluorescence was measured on a Spex Fluorolog 3 spectrofluorimeter (JY Horiba), which was equipped with Glan polarizers at both the excitation and emission light paths for the anisotropy measurements. 
Anisotropy can therefore be seen as a measure of the change in polarization from the absorption to the emission state over the lifetime of emission. The fundamental anisotropy, r 0, is the maximum anisotropy value for a certain transition, i.e. the anisotropy in the absence of rotation, and is given by
where β is the angle between the excited transition moment and the transition from which emission occurs. For perfectly co-linear and for perpendicular transition moments the fundamental anisotropies are 0.4 and -0.2, respectively. In-plane degenerate transitions will have a lower apparent anisotropy, with an upper maximum at 0.1.
Fluorescence excitation anisotropy spectra were recorded from 290 to 600 nm and the emission wavelength fixed at 635 nm. Anisotropy values were calculated as the average value over a short wavelength interval corresponding to a peak in the absorption spectrum. A similar measurement was made on oligo-ZnP alone in a 1:1 methanol/ethanol glass at 77 K using an Optistat DN cryostat (Oxford Instruments), to obtain the fundamental anisotropies.
Steady state fluorescence quenching:
The integrated emission spectra were recorded from 558 to 750 nm and the excitation wavelength fixed at 543 nm or 495 nm when exciting zinc porphyrin or fluorescein, respectively. 2,6-di-t-butyl-p-benzoquinone (BQ) was used as a quencher. Aliquots of a BQ 13 stock solution were added and correction for the volume change was made in the subsequent analysis.
Quantum yield (QY) of the fluorescein label on DNA in buffer was measured relative to fluorescein in 0.1 M NaOH (aq) (QY=0.92) .
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Fluorescence melting: Melting curves were measured on a Varian Eclipse spectrofluorimeter equipped with a programmable multi-cell temperature block. The temperature was cycled between 10 and 55°C at 0.3°C/min. The samples were excited at 470 nm and the emission was monitored at 520 nm.
Fluorescence lifetimes were determined using time-correlated single photon counting. The excitation pulse was provided by a Tsunami Ti:Sapphire laser (Spectra-Physics) which was pumped by a Millenia Pro X (Spectra-Physics). The Tsunami output was modulated in an optical parametric oscillator (KTP-OPO, GWU) and acousto-optically pulse-picked to 4 MHz by a pulse selector (Spectra Physics) when 
Results and Discussion
Synthesis
The oligo-ZnP oligonucleotide was synthesized from protected and activated nucleoside 3 (Scheme 1) using solid phase synthesis techniques. The porphyrin-labelled nucleoside 3 was constructed by a copper-free Sonogashira cross-coupling reaction between the ethynyl functionalized porphyrin building block 1 and 5′-dimethoxytrityl-5-iodo-2′-deoxyuridine, followed by a conversion to the phosphoramidite monomer.
The unprotected porphyrin nucleoside was also prepared, but it was impossible to dissolve it in the concentrations required for an efficient tritylation, so this was not a viable synthetic route. Zinc was inserted after oligonucleotide synthesis. The reason for this post-synthetic metallation was twofold; the metallated phosphoramidite monomer was prone to aggregation which complicated its purification and the porphyrin would have been demetallated during the acidic conditions of the detritylation steps in solid-phase synthesis. Interestingly, the porphyrin was demetallated in deionized water which is slightly acidic, so freeze drying of the samples were performed after addition of a drop of triethylamine and all measurements were performed in basic buffer.
The conditions used for the coupling were selected from a previously published screening of different catalystsolventbase combinations in copper-free Sonogashira cross-couplings. 20 We deliberately avoided the use of Cu(I) given the undesired and facile metallation of porphyrins by copper. 21 The conditions selected were a catalyst system consisting of Pd 2 (dba) 3 •CHCl 3 /AsPh 3 /DMF/DABCO with THF as co-solvent. This produced high yields of the porphyrin nucleoside (82%) in only three hours reaction time. A coupling involving porphyrin substrates and 5-iodo-2′-deoxyuridine has previously been published and the authors reported similar yields but with reaction times as long as 48 hours using a Pd(PPh 3 ) 4 /Et 3 N/CuI/DMF catalyst system. 22 Consequently, despite the absence of copper, our conditions held up nicely in comparison to more standard Sonogashira approaches using cuprous iodide.
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Photophysical measurements
The absorption spectrum for oligo-ZnP in Figure 2 shows several distinctive peaks, one for the DNA bases centered at 260 nm, a typical zinc porphyrin Soret band at 414 nm and the Q-band peaks at 540 and 570 nm. There is another peak at 310 nm which we attribute to a transition localized on the conjugated linker from the modified thymine base to the porphyrin functionality; justification for this will become apparent from the polarized spectroscopy measurements. The Soret band is not entirely symmetric and broader than expected from comparison to spectra in less polar solvents. 18 Firstly, the fact that there is a signal at all proves that the structures are indeed anchored to the bilayer as no orientation could have been otherwise achieved since the oligo-ZnP is too short to be oriented in the flow itself. All of the peaks give rise to negative LD signals indicating that the transition moments are at an angle less than 55º to the membrane normal. 17 Dealing firstly with the transition at 310 nm, it seems reasonable to attribute this to a transition moment directed co-linear with the linker moiety and that this is in itself anchored into the membrane at a roughly parallel alignment with the membrane normal. The stiffness of the linker and its long-axis being coplanar with the porphyrin plane suggests that it should go straight down into the membrane. Furthermore, the absolute LD R value obtained is approximately the same as that achieved for retinoid chromophores which adopt this angle in liposomes of the same composition. 24 This transition moment will therefore be used as the internal reference for the other peaks in the spectrum and it is safe to assume that the orientation parameter, S, is the same for all the transitions associated with the ZnP moiety due to its rigidity. Differences in LD R values are therefore due to the transitions having different angles, α, with respect to the orientation axis. The maximum LD R value of the Soret band is approaching that of the linker moiety but is not a constant value across the absorption peak. This is interesting for two reasons, firstly the deviation from constant LD R value implies there is an overlap of (two) non-equivalent transitions and the rather high value indicates that the dominant transition is polarized to a greater extent along the long-axis of the group. A doublydegenerate Soret band would have had an LD R value half of that of the 310 nm transition and been constant across the peak. 25, 26 This deviation from degeneracy is not unexpected since the porphyrin is not D 4h symmetric and it is in fact coupled to the π-system of the linker which therefore might acquire a preferred polarization in that direction. This is seen as a weaker transition polarized in the perpendicular is best attributed to a lower orientation parameter rather than a specific angle. It should be noted that the porphyrin moiety itself has some absorbance in this region. Since the oligonucleotide is single-stranded its helical structure will be rather loosely defined on the liposome surface and a certain amount of disorder is inevitable, compared to the rigid ZnP moiety. The fact that a signal is seen and is negative does however provide us with the information that the oligonucleotide is lying ( 
 
Fluorescence quenching of the oligo-ZnP was also studied by steady-state spectroscopy ( Figure 6 ).
The observed degree of quenching was found to be larger than in the time-resolved experiment. This is explained by a static quenching component. Using the K d value determined from the time-resolved measurements, the static Stern-Volmer constant, K s , of the quenching was calculated to be 15 M 23
For true collisional quenching, the dynamic Stern-Volmer quenching constant is given by k q ·τ 0 , where k q is the bimolecular quenching constant and τ 0 is the lifetime of the fluorophore in absence of quencher. Thus, by dividing the dynamic Stern-Volmer quenching constant with the fluorescence lifetime of the oligo-ZnP (1.5 ns) the bimolecular quenching constant; k q = 1.7·10 9 M -1 s -1 , is estimated.
The highest possible value for k q is expected when every fluorophore/quencher encounter results in quenching and denotes the diffusion-controlled bimolecular rate constant, k 0 . This rate constant can be estimated with the Smoluchowski equation (10):
where N is Avogadro's number, R is the collision radius (estimated to be 8 (Figure 7) . The Förster distance, R 0 , i.e. the donor-acceptor distance at which the energy transfer efficiency is 50%, was determined to be 45 Å using equation 11:
where κ 2 is an orientation factor assumed to have the value 2/3 (Both the zinc porphyrin and the DNA- This shows that energy transfer from fluorescein on the complementary strand at the water/membrane interface to the zinc porphyrin in the lipid membrane phase is highly efficient. The fact that a fraction of fluorescein molecules is not transferring energy suggests that the DNA strands are not hybridized completely despite there being an excess of oligo-ZnP strand and that the hybridization procedure was optimized. These experiments were also performed on an 11 base pair long DNA sequence where only a very small fraction of the strands seemed to hybridize. We suggest that the zinc porphyrin hinders the hybridization and the longer the DNA the less pronounced is this effect. This result is in good agreement with earlier work. 11 If the temperature is increased the lifetime corresponding to energy transfer disappears, presumably due to DNA melting. A remarkable effect is that when lowering the temperature again the short lifetime does not come back. The difficulty for the DNA to hybridize on the liposome surface is also confirmed by steady state fluorescence melting curves (Figure 8 ). After the initial melting the fluorescein emission is approximately independent of temperature. This suggests that the DNA melting is not reversible when on the liposome surface. Thus, there cannot be any oligo-ZnP free in solution, but all oligo-ZnP must be bound to the membrane since hybridization can be performed in absence of liposomes. The reason for the inability to hybridize on the liposome surface might be an effect of the short DNA-porphyrin linker that anchors the DNA tightly to the surface and hence prevents the strands from hybridizing due to the steric hindrance close to the membrane surface. modification that binds to the free fluorescein modified single strands in solution but not to those on the liposome will substantially reduce the background fluorescein emission. In fact, this scavenger strand quenches about 95% of the emission from the non-liposome attached fluorescein single-strands (data not shown). As can be seen in Figure 9 the emission of the ZnP decreases with increasing BQ concentration in a manner similar to what was observed upon direct excitation of the porphyrin moiety.
It is interesting to compare the amount of quenching in Figure 9 with the case where the porphyrin is directly excited (cf. Figure 6) . 
Conclusion
The results above establish some important points in relation to this novel supramolecular energy/electron transfer system. A 14-mer oligonucleotide can be anchored to a large unilamellar lipid vesicle in a defined manner. The anchor itself is multifunctional, being a redox center, an energy acceptor and a ligand binding site. Embedding the chromophore in the bilayer allows transfer of information from the aqueous to the liquid crystalline phase. This result is not merely confirmed by the polarized spectroscopy but rather we can say that the adopted geometry of the entire supramolecular system is resolved. The structure is reasonably well defined with the chromophores firmly anchored in Toc Graphic
